Low-temperature hydrothermal vents, such as those encountered at Loihi Seamount, harbor abundant microbial communities and provide ideal systems to test hypotheses on biotic versus abiotic formation of hydrous ferric oxide (FeOx) deposits at the seafloor. Hydrothermal activity at Loihi Seamount produces abundant microbial mats associated with rust-colored FeOx deposits and variably encrusted with Mn-oxyhydroxides. Here, we applied Fe isotope systematics together with major and trace element geochemistry to study the formation mechanisms and preservation of such mineralized microbial mats. By comparing the results with experimentally determined Fe isotope fractionation factors, we determined that less than 20% of Fe(II) is oxidized within active microbial mats, although this number may reach 80% in aged or less active deposits. These results are consistent with Fe(II) oxidation mediated by microbial processes considering the expected slow kinetics of abiotic Fe oxidation in low oxygen bottom water at Loihi Seamount. In contrast, FeOx deposits recovered at extinct sites have distinctly negative Fe-isotope values down to À1.77‰ together with significant enrichment in Mn and occurrence of negative Ce anomalies. These results are best explained by the near-complete oxidation of an isotopically light Fe(II) source produced during the waning stage of hydrothermal activity under more oxidizing conditions. Light Fe isotope values of FeOx are therefore generated by subsurface precipitation of isotopically heavy Fe-oxides rather than by the activity of dissimilatory Fe reduction in the subsurface. Overall, Fe-isotope compositions of microbial mats at Loihi Seamount display a remarkable range between À1.2‰ and +1.6‰ which indicate that Fe isotope compositions of hydrothermal Fe-oxide precipitates are particularly sensitive to local environmental conditions where they form, and are less sensitive to abiotic versus biotic origins. It follows that FeOx deposits at Loihi Seamount provides important modern analogues for ancient seafloor Fe-rich deposits allowing for testing hypotheses about the biogeochemical cycling of Fe isotopes on early Earth.
INTRODUCTION
Seafloor metalliferous deposits enriched in Fe oxides, hydroxides, and oxyhydroxides (hereafter referred as FeOx deposits) are widespread in seafloor hydrothermal systems https://doi.org/10.1016/j.gca.2017.09.050 0016-7037/Ó 2017 Elsevier Ltd. All rights reserved.
along mid-ocean ridges and back-arc spreading centers. FeOx deposits also form the main type of hydrothermal deposits associated with active submarine volcanoes. Likewise, FeOx deposits were reported along the East Pacific Rise (EPR) (Juniper and Fouquet, 1988; Hekinian et al., 1993) , Explorer Ridge (Grill et al., 1981) , the MidAtlantic Ridge (MAR) (Scott et al., 1974; Mills, 1995; Scott et al., 2015) , the Southwest Indian Ridge (SWIR) (Peng et al., 2011; Sun et al., 2015) , the Mohns Ridge (Pedersen et al., 2010; Moeller et al., 2014) and back-arc spreading centers (Sun et al., 2011; Zeng et al., 2012; Sun et al., 2012a; Sun et al., 2013) . These deposits have been also widely reported in association with submarine volcanoes from off-axis settings along the Juan de Fuca Ridge and EPR (Grill et al., 1981; Alt, 1988; Juniper and Fouquet, 1988; Hekinian et al., 1993; Kennedy et al., 2003) , from arc and back-arc seamounts (Binns et al., 1993; Boyd and Scott, 2001; Dekov et al., 2007) , and from intraplate submarine volcanoes in the Pacific (De Carlo et al., 1983; Exon and Cronan, 1983; Puteanus et al., 1991; Stoffers et al., 1993; Edwards et al., 2011) .
In general, FeOx deposits resulting from the precipitation of low-temperature hydrothermal fluids are variably enriched in amorphous silica and may also contain Ferich phyllosilicates such as nontronite (De Carlo et al., 1983; Alt, 1988; Dekov et al., 2007; Hrischeva and Scott, 2007; Toner et al., 2012) . These deposits vary in appearance from stratified microbial mats to several meters high mounds (Corliss et al., 1978) and may form chimney structures (Juniper and Fouquet, 1988; Sun et al., 2012b) . FeOx deposits may also accumulate on the surface of massive sulfides (Mills et al., 2001 ) and hydrothermal chimneys or occur as incipient crusts on basalts (Templeton et al., 2009; Wang et al., 2014) as the result of seafloor weathering. Sometimes, Mn (oxyhydr)oxides represent the main constituent of the deposit depending on the hydrothermal fluid source and growth history or age of the deposits (Moorby et al., 1984; Usui et al., 1986; Bolton et al., 1988; Murphy et al., 1991) . Textural evidence, such as the occurrence of twisted branching filaments of Fe-oxyhydroxides, as well as molecular biological studies suggest that microorganisms, in particular ironoxidizing bacteria (hereafter referred as FeOB) are essential in the formation of FeOx deposits (Juniper and Fouquet, 1988; Emerson and Moyer, 2002; Chan et al., 2011; Edwards et al., 2011; Peng et al., 2011; Toner et al., 2012; Scott et al., 2015) . The implication of FeOB in the formation of FeOx-rich microbial mats has been particularly well documented at Loihi Seamount where several pure strains of FeOB including the Zeta-Proteobacteria Mariprofundus ferrooxydans were isolated and studied in pure culture (Emerson et al., 2007) . Although FeOB are often identified by the distinctive morphologies of their FeOx products, such as the extracellular twisted stalks, morphology alone is not a good diagnostic indicator of the process of Fe oxidation (biotic versus abiotic) since a significant proportion of Fe 2+ could be oxidized abiotically . Here, we aim at using Fe isotope ratios and major/trace element geochemistry of low-temperature hydrothermal fluids and FeOx deposits to study the formation mechanisms and preservation of FeOx-rich microbial mats at the seafloor. An important goal of this study is to test whether FeOB play a major role in FeOx formation in seafloor environments and imprint distinct chemical and isotopic signatures. Although our study did not intended to apply Fe isotopes as direct evidence for microbial Fe(II) oxidation considering that the fractionation factors for inorganic and microbial Fe oxidation are rather similar (Croal et al., 2004; Balci et al., 2006; Kappler et al., 2010) , Fe isotopes are expected to provide an important redox framework (i.e. extent of Fe(II) oxidation) associated with the early stage of Fe oxidation and precipitation at the seafloor. Loihi Seamount is arguably one of the most well-studied submarine volcanoes in the world, where considerable prior efforts have focused on the geology, geochemistry, mineralogy and microbiology (Klein, 1982; De Carlo et al., 1983; Frey and Clague, 1983; Gamo et al., 1987; Malahof, 1987; Karl et al., 1988; Karl et al., 1989; Sedwick et al., 1992; Moyer et al., 1994; Emerson and Moyer, 1997; Kent et al., 1999; Wheat et al., 2000; Emerson and Moyer, 2002) . Hence, Loihi Seamount provides an ideal system in which to study active microbial communities and biogeochemical cycling of Fe and test hypotheses related to FeOx deposit formation that are likely preserved throughout the geological record (Grenne and Slack, 2003; Little et al., 2004; Slack et al., 2007; Bekker et al., 2010) . Ultimately, the multidisciplinary approach undertaken at Loihi seamount, linking Fe geomicrobiology, geochemistry and Fe isotopes composition of microbial mats and associated fluids, over a range of environmental conditions should provide important modern analogues for the study of Fe biogeochemical cycling in ancient marine environments.
HYDROTHERMAL ACTIVITY AT LOIHI SEAMOUNT
Loihi Seamount is located 35 km south of the island of Hawaii ( Fig. 1) and has been the focus of numerous multi-disciplinary studies since its discovery in 1950s. It is the youngest volcano in the Hawaiian-Emperor Chain, rising $4 km above the abyssal plain to a depth about 960 m below sea surface (Klein, 1982) . It is likely that Loihi began forming about 400,000 years ago (Garcia et al., 2006) . Petrologic and geochemical studies of lavas showed that the volcano is associated with a relatively primitive part of the Hawaiian plume, producing a wide range of magma compositions (Klein, 1982) . Hence, Loihi is considered the type example of the early phase of growth of plume related oceanic island, hot spot, volcanoes (Moore et al., 1982; Kurz et al., 1983) .
Hydrothermal venting at Loihi is best known and studied at the summit near pit craters Sakai et al., 1987; Karl et al., 1988; Wheat et al., 2000; Malahoff et al., 2006) . Vent fluids at Loihi are enriched in CO 2 , CH 4 , NH 4 , PO 4 , Fe, and Mn and depleted in H 2 S, rendering Loihi distinct from mid-ocean ridge hydrothermal systems (Karl et al., 1988; Sedwick et al., 1992; Wheat et al., 2000; Glazer and Rouxel, 2009 ). The high CO 2 content also results in lower pH conditions (5.3-5.6) than many other low-temperature vents promoting higher Fe concentrations due to enhanced chemical weathering of wall rocks (Sedwick et al., 1992; Wheat et al., 2000; Glazer and Rouxel, 2009 ). Prior to 1996, Pele's Vents were located in the southern flank of the summit, at a water depth of 980 m (Karl et al., 1988; Sedwick et al., 1994) . The vent fields were characterized by several individual vents discharging diffuse fluids with a maximum temperature of 31°C (Sedwick et al., 1992) . In July-August 1996 a tectonicvolcanic event occurred that destroyed Pele's Vents, creating a Pit crater (Pele's Pit) and produced several sites with active hydrothermal venting (Hilton et al., 1998; Wheat et al., 2000; Caplan-Auerbach and Duennebier, 2001 ). Between 1996 and 1997, new hydrothermal vents were discovered ( Fig. 1 (Glazer and Rouxel, 2009) . A time-series survey at Loihi Seamount between 2006 and 2009 reported a steady hydrothermal activity in Pele's Pit in the Hiolo Area (M36, M39), Spillway Area (M34, M38) but diminishing at Loihau (M2, M5) and along the southern rift at Pohaku (M57) with cessation of hydrothermal activity at Naha (M3/M6) and Keiki vents (M17A) (Glazer and Rouxel, 2009 ). Pele's Pit vents had decreased in temperature from about 200°C in 1996-1997 to a range of 21.6-55°C in 2006 21.6-55°C in -2009 21.6-55°C in (Wheat et al., 2000 Glazer and Rouxel, 2009 ). The Fe/Mn ratios at Pele's Pit vents generally ranged from 20 to 40 (average of about 30), which is similar to values reported before the volcanic event (Wheat et al., 2000; Glazer and Rouxel, 2009 ). This likely corresponds to the ''steady state" value for quiescent discharge at Loihi (Wheat et al., 2000; Malahoff et al., 2006) . While H 2 S was never reported at any vent sites at Loihi in previous studies, free sulfide was detected using in situ measurements at the Hiolo Area (M39, M36, M31) but remained always <50 lM and variable between sampling years (Glazer and Rouxel, 2009) . Free sulfide was below detection limit in Tower, Lohiau and Pohaku areas (Glazer and Rouxel, 2009 ). This suggests that HS À /Fe molar ratio remained essentially <0.1 in Hiolo Area, and below 0.01 in other area, suggesting a minor importance of H 2 S in affecting Fe aqueous chemistry.
Perhaps the most peculiar characteristic of the style of hydrothermal venting at Loihi is the widespread occurrence of ochreous and unconsolidated FeOx deposits, which have also been referred to as microbial mats (Karl et al., 1989; Moyer et al., 1994; Emerson and Moyer, 2002) . The mixing zone between hydrothermal fluid and seawater leads to opposing Fe and oxygen gradients (Glazer and Rouxel, 2009) , providing an ideal environment for FeOB growth (Emerson and Moyer, 2002; Rassa et al., 2009; Fleming et al., 2013) . A variety of filamentous, non-filamentous, tubular, and branching Fe-rich microbial structures have been described in the mats and are composed of nanoparticulate ferrihydrite (Toner et al., 2012) and organic polymers . Previous studies combining terminalrestriction fragment length polymorphism (T-RFLP), culturing studies, and FeOx morphology demonstrated that lithotrophic FeOB are abundant and active at Loihi, and that biological Fe-oxidation contributes up to $60% of total Fe-oxidation (Emerson and Moyer, 2002) . FeOx deposits at Loihi are pervasive, forming at a range of temperatures (<10-60°C) and habitus that could be grouped in three categories (Wheat et al., 2000; Glazer and Rouxel, 2009) : (1) focused venting along fractures and open cracks with microbial mats forming at the periphery; (2) diffuse fracturedcontrolled venting generally covered by microbial mats (and cm-size chimneys); (3) patchy venting occurring through basaltic outcrop (e.g. between pillow lavas). The lack of any significant sulfide mineral occurrence within the deposits (De Carlo et al., 1983; Toner et al., 2012 ) is also consistent with the H 2 S-depleted nature of the vent fluid (Glazer and Rouxel, 2009) . A more detailed description of studied vent sites is provided in the Electronic Annex.
MATERIALS AND METHODS
A comprehensive set of FeOx deposits and hydrothermal fluids were recovered during four cruises to the Loihi Seamount as part of the NSF-funded FEMO ''Iron Microbial Observatory" project (Emerson, 2009; Glazer and Rouxel, 2009; Edwards et al., 2011) . The FEMO project was conducted over a period of four ROV Jason-II cruises (2006) (2007) (2008) (2009) . Additional samples (microbial mats) were also selected from former cruises using the deep-sea submersible Pisces V (Emerson and Moyer, 2002) . Details regarding the temporal and spatial variability of the different sampling sites are presented in Glazer and Rouxel (2009) and summarized in the Electronic Annex, together with the main characteristics of the samples.
Hydrothermal fluid sampling and geochemical analysis
Fluid samples were collected with the DSV Jason 2 using the 750 ml titanium û majorý samplers. The operation of the Ti-samplers has been described previously in Von Damm et al. (1985) . Briefly, the Ti-samplers were filled using a titanium snorkel that can be inserted directly into the vent orifice or above microbial mat area with diffuse venting. Immediately after the recovery, the pH and alkalinity were measured onboard. Fe(II) and total Fe were also measured spectrophotometrically using the ferrozine method (Stookey, 1970) . Several fluid aliquots were extracted from the Ti-samplers using gas-tight metal-clean syringes and filtered through 0.2 lm (nylon Acrodisc Ò or polyethersulfone Sterivex TM syringe filters) and transferred to an acid cleaned HDPE bottle. Filtered samples were then acidified to 0.06 M HCl with concentrated ultrapure HCl and stored at 4°C. Insoluble or precipitated particles remaining in the Tisamplers were recovered when the sampler was disassembled and collected onto 0.45 lm filters (durapore TM ). This fraction is not included in the final fluid analysis as it contains suspended FeOx deposit particles entrained during fluid sampling rather than particulate formed inside the Ti-sampler upon recovery (Wheat et al., 2000; Glazer and Rouxel, 2009) . Although the entrainment of particles of volcanic glass during sampling may have occurred for some of the studied vent fluids, it should not affect trace metal analysis because the fluids are filtered immediately upon recovery, and before acidification of the subsamples.
Bottom seawater samples from Pele's Pit were obtained using Niskin bottles (1 l or 5 l-size bottles) on-board ROV Jason 2 in areas remote from active venting. Niskin bottles were triggered 1 to 2 meters above seafloor after sufficient set-tling time to avoid too much particle resuspension. For each sample, between 250 and 500 ml was filtered upon recovery through 0.45 lm filters and stored acidified to pH 1.8.
Major (e.g. Ca, Mg, Fe, Mn, Si) and trace element (e.g. Mo, P, V, U, Co, Cu) compositions in hydrothermal fluids were determined by high-resolution inductively coupled plasma mass spectrometry (HR-ICPMS) Element 2 operated at the Woods Hole Oceanographic Institution (WHOI) and Element XR operated at the French Research Institute for Exploitation of the Sea (IFREMER). Indium solution was added before analysis or mixed on-line at a final concentration of 5 ppb to correct for instrument sensitivity changes. Solutions were introduced into the plasma torch using a quartz spray chamber system equipped with a microconcentric PFA nebulizer operating at a flow rate of about 100 ll/min. For each element, ICPMS sensitivity was calibrated using matrix matched standard solutions corresponding to seawater matrices. Note that preliminary Si, Mg, Ca, P, Fe and Mn data have been already reported in Glazer and Rouxel (2009) for a subset of samples.
FeOx deposit sampling and geochemical analysis
FeOx deposits were mainly composed of unconsolidated flocs of iron-oxyhydroxide with minor amounts of amorphous silica and organic materials (i.e. microbial mats, senso stricto). The deposits were collected using a variety of specific sampling techniques, including DSV Jason's ''slurp sampler" and ''scoop sampler" (referred as 'SS' and 'SC' samples respectively). Slurp sampling has been the main technique to recover large volumes of FeOx deposits. This sampler, developed at the National Deep Submergence Facility at WHOI is equipped with five canisters of 5 l each that can be flushed between each sampling operation. Scoop sampling has been also used to recover additional samples, albeit in lower quantity. The scoop sampler consists of 20-40 cm long PVC tubing that could be open and closed with a ball valve. The scoop was pushed through the mat and then closed when the sample was collected. Once retrieved, the samples were sub-sampled for various chemical, mineralogical, and biological analyses. After removal of seawater by centrifugation, Fe-rich deposits were air-dried at 30°C and powdered in agate mortar for geochemical analysis. Other set of samples, having limited amount of material available, were centrifuged but not air-dried and directly processed for geochemical analysis. Since element concentrations could not be determined on a dry-weight basis, major and element concentrations are therefore reported after normalization to the major element Fe.
Additional samples were also recovered using a suction sampler mounted on DSV Pisces V (University of Hawaii). In addition, one sample of freshly precipitated FeOx deposits was recovered using a ''slide trap" (ST) device. It consists of a set of microscope slides positioned vertically inside a plastic housing that is deployed directly on-top of active venting area to collect microbial mats growing in situ on their surfaces. The ST sample was recovered from M39 area after several days of deployment and placed in 50 mL centrifuge tube. The Fe-oxyhydroxide coatings on the glass slide were then dissolved in 1.2 M HCl.
All mineral samples were analyzed for major and trace elements by ICP-AES (atomic emission spectrometry) at the Pole Spectrometry Ocean, Brest and by HR-ICPMS Element 2 at WHOI. Additional samples were also measured by HR-ICPMS Element XR at PSO/Ifremer, Brest for major and trace elements. Between 10 mg and 100 mg of dry powder was dissolved in PTFE beaker on hot plate using an acid mixture of HCl, HNO 3 and HF. For samples having significant enrichment of basaltic materials, the powder was subjected to partial chemical leaching. The leaching protocol involved the preferential dissolution of FeOx materials in diluted acid (1.4 M HNO 3 ) for 6 h, leaving volcanic glass and silicates as solid residue easily separated by centrifugation. The use of diluted acid was preferred over other reagents such as reducing agents to avoid potential Fe isotope fractionation due to incomplete Fe reduction. Although partial leaching of volcanic glass or silicates may occur under these conditions, these phases are present in minor amounts relative to the Fe-oxyhydroxiderich matrix and do not contribute significantly to the total Fe concentration.
A subset of powdered samples of FeOx deposits were also sent to Activation Laboratories Ltd. (Ancaster, Ontario) for geochemical analysis. Major and trace elements were analyzed at Activation Laboratories by ICP-AES and ICP-MS, respectively, after lithium metaborate/tetraborate fusion.
Experimental simulation of Fe(II) oxidation in seawater
We performed Fe oxidation incubation experiments following similar approach than Statham et al. (2005) and Wang et al. (2012) . All experiments were performed onboard using freshly recovered background seawater from the Niskin bottles mounted on ROV Jason 2. For each experiments, between 30 and 50 mg of Fe(II)ÁCl 2 salt (Sigma-Aldrich) were weighted in gas-tight septum vials and flushed with N 2 to avoid air oxidation during storage. About 50 mL of background seawater, previously filtered through 0.2 lm size filter to remove particles and bacteria, was inserted in the septum vials using a syringe. The Fe(II) concentration at the starting of incubation was about 8 mM, which is representative of high-temperature hydrothermal vent fluids (German and Von Damm, 2003) . The vials were kept in the dark at room temperature (about 20°C). At the end of the experiment, the solution was filtered and Fe(II) concentration was determined using the colorimetric ferrozine technique (Stookey, 1970) . Total Fe concentration was also measured and yielded identical values than Fe(II) concentrations suggesting that dissolved Fe contains mainly Fe(II). Suspended particles recovered on filters, containing insoluble Fe-oxyhydroxides, were dissolved in diluted HCl.
Iron isotope analysis
Methods for Fe isotope analysis followed previously used methods for hydrothermal fluids and mineral deposits analysis (e.g. Rouxel et al., 2008; Rouxel et al., 2016) . In short, an appropriate amount of hydrothermal fluids and solutions of digested solid materials (e.g. FeOx deposits or suspended particulate matter recovered on filters), corresponding to about 100 g of Fe was evaporated to dryness at 80°C with 10 mL of distilled concentrated HNO 3 and 1 ml of H 2 O 2 (ultrapure grade). The dry residue was subsequently dissolved in 6 M HCl and purified through anion exchange resin (AG1-X8 or AG-MP1, Bio-rad). Procedural blanks, including evaporation and dissolution steps and ion-exchange purification was below 5 ng.
Iron isotope compositions were determined with a Neptune (Thermo-Scientific) multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) operating at WHOI and IFREMER using medium or high-resolution mode. It involves both ''sample-standard bracketing" and ''internal normalization" using Ni of known isotope composition (Arnold et al., 2003; Malinovski et al., 2003; Weyer and Schwieters, 2003; Poitrasson and Freydier, 2005; Rouxel et al., 2005) . This method yields an internal precision from 0.04 to 0.09‰ (2SD) for total quantities of Fe as low as 100 ng. All analyses are reported in delta notation relative to the IRMM-014 standard, expressed as d 56 Fe, which represents the deviation in per mil relative to the reference material. Based on >50 replicate dissolutions, purifications and analyses of internal standard BHVO-1 and BHVO-2 (Hawaiian basalt), we have obtained: d 56 Fe = 0.09 ± 0.07‰ (2 SD, n = 39). For the analysis of Fe isotope composition of hydrothermal fluid samples, we further assessed the robustness of the method by measuring artificial samples corresponding to seawater-like matrix doped with Fe standard .
Bottom seawater analysis followed the method described in Rouxel and Auro (2010) which involves the preconcentration of Fe by passing through NTA resin (Qiagen Inc., Valencia, CA) having nitrilotriacetic acid functional groups. The pH of each sample was first checked and adjusted to 1.8 using ultra-clean HCl. Hydrogen peroxide (30% v/v Optima grade, Fisher) was then added to a concentration of 1 ml/l to oxidize any ferrous Fe present in the sample prior to sample processing. The NTA resin was packed into chromatographic columns to a wet volume of 1.8 ml. Between 100 ml and 250 ml of water sample were passed through the NTA chromatographic columns at a constant flow rate of 2.5 ml/min. After eluting the remaining matrix from the column, Fe was finally eluted with 7 ml of 1.4 M HNO 3 and evaporated to dryness. Evaporated samples were then redissolved in 6 M HCl for further purification through anion resin following the method described above.
X-ray microscopy
Particle morphology was described with scanning transmission X-ray microscopy using beamlines 5.3.2.2 and 11.0.2, Advanced Light Source, Lawrence Berkeley National Laboratory, USA. Mat samples were rinsed of seasalts using purified water. A small volume ($1 ml) of dilute mat suspension was applied to a silicon nitride membrane (Silson LTD) and the bulk water was allowed to evaporate under ambient laboratory conditions. All measurements were performed at ambient temperature and 1 atm He. The theoretical spatial and spectral resolutions of the beamlines were 40 nm and ±0.1 eV, respectively. Image processing was conducted in the freeware axis2000.
RESULTS

Fe oxidation experiments
The results reported in Table 1 and fractionation factors between hydrous ferric oxides and Fe(II) aq ranging from +2.6‰ to +3.2‰ (Wu et al., 2011b) . The results are also consistent with previous study of ferrihydrite precipitation by oxidizing a ferrous chloride solution (Bullen et al., 2001) , although slightly lower fraction factor at +1‰ was obtained in this previous study. Since the percentage of Fe remaining in solution was greater than 90%, the determination of Fe isotope fractionation factor was nearly independent of the fraction model (e.g. Rayleigh fractionation model or closed system) but may be affected by competing kinetic versus equilibrium effects, as suggested by the significant range of D
56
Fe PFe-DFe values. Although our incubation experiments were not undertaken with the goal to provide a robust assessment of Fe isotope fractionation factor and mechanisms of Fe isotope fractionation in seawater, it nevertheless provides an important comparison with natural samples.
The kinetics of Fe(II) oxidation in seawater has been the subject of numerous studies that demonstrated the effect of pH, O 2 , hydroxyl radical, nutrients, and organic ligands in controlling reaction rates (King et al., 1995; Rose and Waite, 2002; Statham et al., 2005; Gonzalez et al., 2010 (Radic et al., 2011; Fitzsimmons et al., 2017) . These values are however within the range of d 56 Fe DFe values measured in a buoyant plume in the East Scotia Sea which yielded distinctly lower d 56 Fe DFe (as low as À1.19‰) than the initial hydrothermal fluids (À0.29‰) . These values are also lighter than the value (d 56 Fe DFe = +0.02 ± 0.03‰) measured downstream of the Loihi Seamount hydrothermal system at Station ALOHA on July 2012 (Fitzsimmons et al., 2016) .
Hydrothermal vent fluids
Loihi vent fluids had a maximum temperature of 55°C and were all enriched in Fe, Mn, and Si relative to background seawater (Table 2) . Besides Fe and Mn, other metals also show several orders of magnitude enrichment relative to seawater, including Co, and Cu (Table 2 , Fig. 2 ). Although on occasion, aqueous sulfur species have been observed in the warmest vent fluids (>50°C) by in situ voltametric measurements (Glazer and Rouxel, 2009 ), Loihi vents lacked significant H 2 S enrichment, which contrasts with typical seafloor hydrothermal systems at midoceanic ridges (MOR). Another important feature of hydrothermal fluids at Loihi is that Mg concentrations remained very close to background seawater or even higher (Table 2) , precluding the determination of ''zero Mg" hydrothermal fluid end-members as classically done for high-temperature mid-oceanic ridge vents (e.g. Von Damm et al., 1985) . Since S (i.e. sulfate) and Mg were positively correlated in the vent fluids, with values generally lower than background seawater, it is possible that Loihi vents were fed by small proportion of high-temperature vents at depth characterized by near-zero Mg and sulfate concentrations (Sedwick et al., 1992) . Other alkaline Earths such as Ca, Sr and Ba and alkaline elements (Li, Rb) are all enriched relative to seawater, with up to twofold enrichment for Ca while Na (data reported in Glazer and Rouxel, 2009 ) remains similar to seawater suggesting lack of phase separation in the end-member fluid.
Iron isotope composition of the hydrothermal fluids sampled in Pele's Pit show remarkably homogeneity, with average d 56 Fe fluid = +0.05 ± 0.21‰ (2SD, n = 21) ( Table 2 ). This value is indistinguishable, within uncertainty, from a basaltic value defined at +0.11 ± 0.04‰ (2SD, n = 43) (Teng et al., 2013) . Another important result is that d 56 -Fe fluid at Pele's Pit are significantly higher than hydrothermal vent fluids from mid-oceanic ridge systems ranging from À0.67 to À0.14‰ (Sharma et al., 2001; Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009) .
Iron isotope composition of the lower-temperature vents at M5 yielded d 
Suspended particulate matter
The geochemical and Fe isotope compositions of the suspended particulate matter in the vent fluids are shown in Table 3 . Although such particles may form due to partial Fe(II) oxidation during the rapid mixing between vent fluid and seawater, they rather reflect the entrainment of freshly formed microbial mats from the venting orifice (Wheat et al., 2000; Glazer and Rouxel, 2009 (Tables 4 and 5) . However, several exceptions should be noted: (i) Cr/Fe ratios in sus- pended particles are generally higher than in FeOx deposits, probably reflecting lower solubility of Cr in reducing fluids than in FeOx deposits exposed to seawater (see Section 5) (ii) chalcophile/Fe ratios (Co/Fe, Cu/Fe, Ni/Fe, Zn/Fe) are also higher in suspended particles, in particular at M36 and M39 where traces of H 2 S/HS À were reported (Glazer and Rouxel, 2009) . Such enrichments may therefore reflect the contribution of minute amounts of metal sulfide species in the vent fluid.
FeOx deposits at Pele's Pit
FeOx deposits were composed essentially of Feoxyhydroxides and amorphous silica, which is reflected by total Fe 2 O 3 and SiO 2 concentrations ranging from 31.2 to 57.7 wt% and 5.4 to 20.5 wt%, respectively (Table 4) . However, Al 2 O 3 and TiO 2 concentrations reached up 3.5 and 0.9 wt% respectively, suggesting significant contribution of lithogenic materials in FeOx deposits. This is consistent with a visual inspection of the FeOx deposit under binocular microscope showing numerous black, silt-to sand-size basaltic fragments. In addition, XRD analysis revealed significant amounts of silicates such as plagioclase, clinopyroxene and olivine derived from surrounding basaltic rocks (data not shown). Although authigenic minerals such as goethite, Fe-montmorillonite and nontronite were reported in previous studies (De Carlo et al., 1983) , our XRD analysis could not detect any clay minerals or more crystalline Fe-oxyhydroxides.
MnO concentrations in actively forming FeOx deposit were systematically below 0.05 wt% with the highest values found in samples containing significant amount of lithogenic material (i.e. higher Al 2 O 3 , Table 4 ). Trace elements displayed large variations among the different sites. By comparing trace element enrichment patterns in FeOx deposits relative to basaltic values (Garcia et al., 1995; Dixon and Clague, 2001; Pietruszka et al., 2011) , it is possible to define several groups:(1) trace elements associated with authigenic phases showing the strongest enrichment factors relative to basaltic values (P, As, Ba, Cr, Ge, U, V, Hf and Rare Earth Elements), hence, these elements include seawater oxyanions and particle-reactive elements enriched in the hydrothermal fluid; (2) The presence of volcanic materials is well illustrated by the strong correlation between Al/Fe and Ti/Fe in bulk FeOx deposit (Fig. 4) . The overall Ti/Al ratio is about 0.237 (g/g), which is similar, albeit slightly higher than the average Ti/Al ratio of 0.209 measured in Loihi basalts (Garcia et al., 1995; Dixon and Clague, 2001 ). The Ti enrichment relative to basalt (also observed for Mg) may either reflect source material heterogeneity and/or higher contribution of minerals such as titanomagnetite (or olivine for Mg). Other elements such as Cr, Si and V are both associated with volcanic materials and authigenic phases, as shown by the relationships between Si/Al, V/Fe, Cr/Fe and Al/Fe demonstrating a clear excess above basaltic values (Fig. 4) . Chromium was found particularly enriched in the Lohiau Area (M5) where significant subsurface mixing occurs between hydrothermal fluid and seawater. By comparing U/Fe, P/Fe and Al/Fe, U and P are found systematically enriched by 1 or 2 orders of magnitude relative to basalts. U was more enriched in FeOx deposits formed from higher temperature fluids (51°C).
Rare earth element (REE) concentrations are reported in Table 4 and chondrite-normalized value (CHU) diagrams are reported in Fig. 5 . In general, REE patterns provide a means of looking at element sources in FeOx deposits, in particular to address the relative contribution of hydrothermally-derived or seawater-derived REE, as well as the mechanisms of precipitation (Mills and 108  94  98  98  64  103  82  66  nd  134  223  44  112  70  51  201  190  nd  Ba  128  113  56  209  88  297  187  297  281  79  70  62  770  432  863  332  235  211  21  377  199  Co  3  2  <1  3  5  14  3  5  8  1  4  2  17  22  13  11  13  15  <1  289  222  Cr  220  210  240  310  440  390  130  140  180  30  30  14  290  390  210  240  160  170  280  90  10  Cu  20  9  20  30  10  40  60  10  30  10  30  9  70  60  30  40  70  70  10  1990  2409  Ga  1  2  <1  <1  2  6  2  3  3  <1  2  2  8  7  <1  4  3  3  1  5  3  Ge  32  nd  30  29  23  24  23  19  14  17  15  nd  9  7  14  13  1  1  5  3 <30  33  <30  <30  <30  100  <30  40  50  <30  30  12  130  140  80  30  30  70  <30  90  67  Zr  10  nd  5  13  9  41  14  19  18  7  16  nd  60  43  32  29  30  47  3  16 Elderfield, 1995). Results show that REE patterns of FeOxdeposits from Pele's Pit are similar to REE patterns of OIB basalts at Loihi, with typical enrichment in light REE (Frey and Clague, 1983; Garcia et al., 1995) . All REE patterns lacked negative Ce anomalies indicative of minor seawater contribution while FeOx deposits at M39 showed pronounced positive Eu anomalies. This unique feature at M39 (and M36 to a lesser extent) suggests higher contributions of high temperature hydrothermal fluids at this site. In general, REE patterns in high-temperature hydrothermal fluids from mid-oceanic ridge systems show light-REE enrichment and positive Eu anomaly primarily reflecting exchange of REE during plagioclase recrystallization (Campbell et al., 1988; Klinkhammer et al., 1994; Douville et al., 1999) . This result is consistent with in situ measurements suggesting the existence of free sulfide or Fe-sulfide clusters in M36 vent fluids that could be related to higher temperature vent fluids at depth (Glazer and Rouxel, 2009) 
FeOx deposits along the Southern Rift and Pit of Death (M56)
The FeOx deposits of Spillway, Pit of Death, Pohaku, and Naha are composed of particles with a variety of morphologies including sheaths, stalks and fine particles (Fig. 7) which are similar to previously reported particle morphologies of mats recovered from Pele's Pit (Emerson and Moyer Fig. 5 . Rare Earth Element (REE) patterns of FeOx deposit at Loihi Seamount. REE concentrations are normalized to chondrite CHU (Anders and Grevesse, 1989) . The gray shaded area correspond to the range of values for basalts at Loihi Seamount (Dixon and Clague, 2001) . 1997) and from pure culture of Mariprofundus ferrooxydans . Hence, although these deposits have d
56 Fe values ranging widely from -0.27 to +1.57‰, no direct relationships could be drawn between the morphologies and Fe isotope signatures of their Fe-oxyhydroxide components.
The single FeOx deposit sampled at Pit of Death (M56, sample J2-310-SS1) yields geochemical signatures generally similar to Pele's Pit and Lohiau (Table 4 ; Fig. 4) sponds to a smaller enrichment in amorphous silica. The relative Si depletion at M57 is also reflected in the Sidepleted nature of the vent fluid at M57 compared to Pele's Pit vent sites (Fig. 2) .
FeOx deposits recovered at M3 and M6 (Naha site), although located within less than 10 meters from each other, show very contrasted d
56 Fe values ( 56 Fe values up to +1.57‰ in Pele's Pit; (2) MnO concentrations are high, up to 6.6 wt%, in particular at M17A; and (3) elements such as Cu, Mo, Ni, and Co that typically show strong affinity for Mn oxyhydroxide phases are also enriched. This feature is well illustrated by the strong correlation between Ni/Fe, Co/Fe and Mn/Fe (Fig. 6) . The same trend is also observed at Naha (M3- 
DISCUSSION
Subsurface processes at Loihi Seamount as inferred from hydrothermal fluid geochemistry
As already discussed in previous studies (Karl et al., 1988; Sedwick et al., 1992; Wheat et al., 2000; Glazer and Rouxel, 2009) , the positive correlation between Si, Fe and Mn concentrations (Fig. 2) reflects a simple dilution between hydrothermal vent fluids and background seawater, either at the seafloor or in the subsurface. Due to the relatively homogeneous Fe/Mn ratios ranging from 22 to 41 mmol/mol (averaging 27 mmol/mol), Pele's Pit vents were likely derived from the same fluid source at depth (hereafter referred to as the end-member fluid) (Glazer and Rouxel, 2009 ). In details, however, hydrothermal fluids from Spillway (M34-M38) and Hiolo (M36-M39) have slightly different Fe/Mn ratios, as well as Si/Mn and other metal/Mn ratios suggesting different fluid sources in the subsurface (Fig. 2) . In particular, vents from the Spillway (M34-M38) and Hiolo (M36-M39) areas are characterized by a strong, but distinct, positive correlation between Si and Mn (with Si/Mn = 191, r 2 = 0.96 and Si/Mn = 127, r 2 = 0.81 respectively, Fig. 2 ).
Pohaku vents (M57), located south of Pele's Pit were also characterized by lower temperatures (28°C maximum) but with higher Fe/Mn ratios suggestive of subsurface interactions with volcanic rocks, with a relative increase in Fe concentrations due to basalt dissolution in the subsurface (Glazer and Rouxel, 2009) . A similar mechanism was proposed based on Ge isotope and Ge/Si systematics (Escoube et al., 2015) . The importance of chemical weathering, in particular at Pohaku (M57) is also illustrated in the enrichment of Al, Cr and V in vent fluid, as well as the alkaline earths: Mg, Ca, and Sr (Table 2) .
In general, Cu and Co concentrations in hydrothermal vent fluids decrease sharply at temperatures below 350°C (Metz and Trefry, 2000) . At Loihi, Cu concentration remained below 500 nM consistent with low temperature vent fluids (Table 2 ). In contrast, Co yields concentrations up to 200 nM, which is equivalent or even higher than most high temperature hydrothermal fluids sampled along midoceanic ridges (Metz and Trefry, 2000; Douville et al., 2002) . In addition, Co shows strong correlation with Mn (r 2 = 0.96 for M34-M38 area, r 2 = 0.81 for M36-M39 area, Fig. 2 ) suggesting that this element behaves as conservative element during hydrothermal fluid mixing with seawater. The relatively large enrichment in Co compared to typical mid-oceanic ridge fluids is probably the result of the Fe (II)-and CO 2 -rich conditions of the subseafloor mixing zone at Loihi. Under these conditions, most of the H 2 S initially present in the end-member fluid would have been titrated with Fe(II) at depth, preventing the precipitation of Co in the subsurface as insoluble sulfide species. It is also likely that Co and probably Cu were further released into solution through enhanced chemical weathering of the basalt in the upflow zone.
Uranium is readily removed from seawater during water-rock interaction at mid-oceanic ridges (Michard et al., 1983; Michard and Albarede, 1985) due to the efficient reduction of uranyl carbonate and precipitation of insoluble oxide UO 2 . Hence, the negative correlation between U and Mn (r 2 = 0.95 for M34-M38 area and r 2 = 0.80 for M36-M39 area, Fig. 2 ) suggest that endmember hydrothermal fluids at Loihi are depleted in U relative to seawater. Molybdenum has also been shown to be generally depleted in seafloor hydrothermal fluids (Trefry et al., 1994) , with the exception of high temperature vent fluids above 350°C (Metz and Trefry, 2000) . Results at Loihi show a strong negative correlation (r 2 = 0.92) between Mo and Mn concentrations (Fig. 2) suggesting that changes in Mo concentrations in vent fluids result from the mixing between seawater with Mo = 120 nM (i.e. Mn = 0 intercept) and hydrothermal fluids having near-zero Mo concentrations. However, the extrapolation of U versus Mn and Mo versus Mn concentration trends gives contrasted results. By analogy with the determination of endmember hydrothermal fluid composition using an extrapolation to zero-Mg (Edmond et al., 1979) , we determined end-member Mn concentrations at Loihi of 28.6 lM and 41.7 lM by extrapolation to zero-U and zero-Mo, respectively. These contrasted results suggest that U is not conservative during hydrothermal fluid-seawater mixing and is likely to be precipitated in the mixing zone at the seafloor. In contrast, Mo is less reactive in Fe(II)-rich and H 2 Sdepleted fluids and behave as a more conservative element during hydrothermal fluid-seawater mixing. Hence, it can be proposed that U enrichment in diluted hydrothermal fluid is a good tracer of hydrothermal fluid-seawater mixing extent at the seafloor.
In this context, the low Fe/Mn ratios and relatively high U concentrations reported in the low temperature vent from Lohiau (M5 area, Fig. 3 ), likely reflect Fe oxidation and precipitation due to the subsurface entrainment of seawater. This hypothesis is based on the near-conservative behavior of Mn during hydrothermal fluid-seawater mixing at the seafloor due to its expected slow rate of oxidation. In contrast, it is expected that Fe(II) oxidation will proceed at a much faster rate (potentially microbially mediated), leading to a preferential depletion in Fe relative to Mn during the mixing process. This suggests that the subsurface processes affecting Fe/Mn ratios and U enrichment (or U depletion relative to background seawater) may also fractionate Fe isotopes as shown by the observed relationships between d
56 Fe values and, U and Fe/Mn (Fig. 3) . The mechanisms of Fe isotope fractionation during subsurface Fe(II) oxidation is discussed in more details below.
Mechanisms of Fe isotope fractionation during Fe(II) oxidation in vent fluids
As shown in Table 6 , the calculated Fe isotope fractionation factor between suspended Fe-(oxyhydr)oxide precipitates (i.e. PFe) and dissolved Fe(II) (i.e. DFe), reported as Dd 56 Fe PFe-DFe , ranged, on average from +1.12 to +1.51‰ (this is excluding the value calculated at M5 which showed relatively large propagated error). In comparison, the freshly precipitated FeOx recovered on glass slides placed directly in the vent fluid (referred as ''slide trap" in Table 5 56 Fe value that is $+1.5‰ higher than the aqueous Fe(II) source. Since the degree of isotopic fractionation was not correlated to the rate of oxidation (controlled by changing the light intensity), it has been suggested that kinetic isotope effects were not of great importance in controlling the fractionation factor. Instead, Croal et al. (2004) suggested that an Fe(III)-organic ligand species may be in isotopic equilibrium with aqueous Fe(II). A similar mechanism was proposed by Swanner et al. (2015) (Kappler et al., 2010) . The sign of the overall fractionation D 56 Fe PFe-DFe obtained in our experiments (Table 1 ) and inferred from hydrothermal plume studies is therefore similar to non-marine redox environments, contradicting a previous study of Fe isotope fractionation between dissolved and suspended particulate Fe in the Baltic Sea (Staubwasser et al., 2013) .
Despite previous studies, it is difficult to determine Fe isotope fractionation between aqueous Fe(II) and poorly crystalline ferric hydrous oxides (ferrihydrite) due to fast transformation of the latter to more stable minerals (see recent review by Dauphas et al., 2017) . Wu et al. (2011b) determined experimentally the equilibrium Fe(II) aq -Fe(III) s fractionation factor using a three-isotope method. Iron isotope exchange between Fe(II) and ferrihydrite was rapid and nearly complete in the presence of dissolved silica. Equilibrium D 56 Fe Fe(III)s-Fe(II)aq factors of +3.17‰ were obtained for ferrihydrite plus silica. In contrast, when Sirich ferrihydrite co-precipitated during the experiment, a smaller fractionation factor of +2.6‰ was obtained, possibly reflecting blockage of oxide surface sites by sorbed silica leading to incomplete isotope exchange. The importance of Fe-Si species may explain the range of D 56 Fe Fe(III)s-Fe(II)aq observed in natural systems, in particular in hot springs or groundwater discharge settings (Bullen et al., 2001; Wu et al., 2013) and seafloor hydrothermal systems such as Loihi Seamount, although no clear relationships could be identified between Si/Fe and d 56 Fe of the deposits (Tables  4 and 5) .
Since the rate of Fe(II) oxidation in background seawater at Loihi Seamount is unknown, it is difficult to speculate on the mechanisms of Fe(II) oxidation at the seafloor. The Fe(II) oxidation rates in hydrothermal plumes have been estimated in several studies (Rudnicki and Elderfield, 1993; Field and Sherrell, 2000; Statham et al., 2005) PFe-DFe . Although this mechanism is unlikely to affect our experiments considering the low extent of Fe(II) oxidation, it has been shown to control both Fe isotope composition and concentration of DFe in distal hydrothermal plume (Fitzsimmons et al., 2017) .
Iron isotope systematics of FeOx deposits
Regardless of the mechanisms of Fe(II) oxidation and range of Fe isotope fraction factors, the extent of Fe(II) oxidation is probably the most important parameter controlling d
56
Fe Fe(III)s of the FeOx deposits at Loihi, through the so-called reservoir effect. Under oxic conditions and circum-neutral pH, Fe(II) species are rapidly oxidized by O 2 to the thermodynamically stable Fe(III) form. Hence, no significant variations in Fe isotope composition of Fe (III) s is expected in the case of quantitative Fe oxidation. In contrast, significant variability is expected when Fe(II) aq is partially oxidized near hydrothermal vents where the oxidation rate is slow relative to the length-scales of fluid transport, due to the large Fe isotope fractionation factor between Fe(II) and Fe(III) species. Following the approach of Dauphas and Rouxel (2006) and later used by Moeller et al. (2014) , we modeled the precipitation of Feoxyhydroxides from the oxidation of aqueous Fe(II) using a two-stage model, such as: 
with k 1 and k 2 being the rate constants for oxidation and precipitation, respectively. The equations for the isotope composition of the remaining Fe(II) pool is defined as: In the case of partial Fe(II) oxidation along a flow path, the Fe isotope composition of the Fe(III) s is determined as:
For illustration, Fig. 8 shows the calculated isotopic compositions of the different reservoirs as a function of the fraction of Fe precipitated for l = k 2 /k 1 = 10 ( Dauphas and Rouxel, 2006) , corresponding to a high rate of Fe(III) precipitation versus Fe(II) oxidation. In the first model (Fig. 8a) , it is considered that Fe(II) is progressively oxidized at the seafloor, either during rapid mixing with seawater (e.g. suspended Fe-oxyhydroxide particles in vent fluids) or within microbial mats (i.e. case of most FeOx deposits formed by diffuse venting). In the case of freshly formed FeOx (e.g. slide trap sample placed within vent flow) having d 56 Fe of about +1.5 ± 0.3‰, the model suggests less than 20% of Fe(II) is oxidized. Small extents of Fe(II) oxidation are also recorded in seafloor FeOx deposits, such as those recovered at M34 and M38 area. In contrast, FeOx deposits recovered at M36 in 2007 yielded d 56 Fe from +0.3‰ to +0.4‰, indicative of much higher extent of Fe(II) oxidation, presumably up to 90%. Such higher extent of Fe(II) oxidation may be explained by the relatively mature nature of the deposit and by its location further away from the most active venting area. In the following sampling years, new FeOx deposits had formed in the vicinity of the vent area and were characterized by more positive d
Fe values up to +1.13‰ (Table 5 ) consistent with this assumption.
In the second model (Fig. 8b) , it is considered that Fe(II) is progressively oxidized below the seafloor, leading to significant loss of Fe in the venting fluid due to subsurface Feoxyhydroxide precipitation. Under this scenario, lighter d
56 Fe values of the vent fluid are expected, as observed in the Lohiau area (M2, M5). This Rayleigh-type fractionation is further supported by the relationships between d 56 Fe and Fe/Mn values in the vent fluids (Fig. 9) . As explained above, Mn is expected to behave conservatively during partial Fe(II) oxidation under low-oxygen environments, such as during subsurface entrainment of seawater. Hence, Fe/Mn ratio is a good indicator of Fe precipitation below seafloor. The Rayleigh curves shown in Fig. 9 were obtained by considering fractionation factors between Fe (III) s and Fe(II) aq ranging from +0.6‰ to +1‰ (a = 1.0006-1.001 respectively). This is significantly less than the estimated in situ Fe isotope fractionation but still consistent with equilibrium Fe isotope fractionation factors between more crystalline Fe-oxyhydroxides (e.g. goethite) and Fe(II) of +1.04‰ to +1.22‰ (Frierdich et al., 2014) .
Following the same lines, it is expected that late-stage hydrothermal fluids (i.e. undergoing extensive cooling and mixing with seawater) would have even lighter d 56 Fe (Fig. 8b) , leading to the precipitation of isotopically light FeOx deposits. This is indeed what is currently observed in Naha area where FeOx deposit ranged from À0.3‰ to +0.8‰, consistent with the decrease of hydrothermal activity at this site over the years. Finally, the now extinct FeOx deposit at M17 shows the lightest d
56 Fe values, suggesting that these deposits recorded the last stage of hydrothermal venting, before it became completely extinct (i.e. >70% of Fe has been precipitated below seafloor). Under this scenario, Mn would have started to oxidize due to more oxic conditions, leading to the observed enrichment in Mn in the deposits. Once precipitated, such Mn oxyhydroxide would continue scavenging seawater-derived elements, such as REE which is consistent with the negative Ce anomaly of the deposits (Fig. 5) . The subsurface entrainment of oxic seawater is the most plausible mechanism leading to subsurface Fe oxidation and precipitation, and therefore loss of isotopically heavy Fe-oxide pool from the fluid. This hypothesis is supported by the marked increase in U concentrations (Fig. 3) in hydrothermal vent fluids from M5, which reflect the higher contribution of oxygenated seawater due to the more diffuse nature of hydrothermal venting at M5.
A similar relationship between d
56 Fe values and U concentration was already observed in subterranean estuaries (Rouxel et al., 2008b) where anoxic Fe(II)-rich (and Udepleted) porewater were mixed with oxic (and Uenriched) seawater. This mechanism has been shown to lead to isotopically light Fe(II) in sediment porewater (d 56 Fe down to À4.9‰) due to the precipitation of Fe(III) during partial Fe(II) oxidation along a flow path. This also led to a range of d
56
Fe values for precipitated Fe-oxyhydroxides between À2 and +1.5‰. Similar reservoir effects were also reported in spring systems (Chocolate Pots Hot Springs in Yellowstone NP) by Wu et al. (2013) where the Fe isotope compositions of Fe(II) aq and FeOx precipitates varied significantly along a flow path from +0.88‰ down to À1.57‰.
Implication for the hydrothermal Fe source to the ocean
The range of Fe isotope composition of the hydrothermal fluids from Pele's Pit is remarkably limited, with average d 56 Fe fluid = +0.05 ± 0.21‰ (2SD, n = 21) ( Table 2 ). This value is indistinguishable within uncertainty from basaltic values defined at +0.11 ± 0.04‰ (2SD, n = 43) (Teng et al., 2013) . Another important result is that d 56 -Fe fluid at Pele's Pit are among the heaviest values reported from seafloor hydrothermal systems. So far, d
56 Fe values as low as À0.67‰ and as high as À0.14‰ were reported in high-temperature hydrothermal vent fluids along the Mid-Atlantic Ridge and East Pacific Rise, averaging À0.43 ± 0.32‰ (2 SD; n = 39) (Sharma et al., 2001; Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009; Rouxel et al., 2016) . Heaviest values were found for high-temperature hydrothermal fluids from the Rainbow and TAG fields (À0.14 ± 0.04‰ when normalized to IRMM-14) from the Mid-Atlantic Ridge (Severmann et al., 2004) while lighter values were reported for Fe-depleted vents from basaltic-hosted vent sites at EPR 9°50 0 N (e.g. Bio-vent, Rouxel et al., 2008) . Although Rouxel et al. (2003) demonstrated that isotopically light Fe is preferentially leached from basalt during low-temperature alteration of the oceanic crust, d
56 Fe fluid at Pele's Pit suggests rather minor isotopic effect during basalt alteration. It has been previously proposed (Sedwick et al., 1992; Wheat et al., 2000) that the high CO 2 content of the hydrothermal fluids at Loihi Seamount, resulting in higher alkalinity, may induce an important chemical weathering process of the volcanic rocks by carbonic acid due to lower pH conditions (pH as low as 5.7 and Alkalinity up to 15.6 meq/kg, , and may be a result of Fe oxidation and precipitation from the plume (Bennett et al., 2011) . Using the same Fe isotope model used for hydrothermal fluids (Fig. 8) , we found that about 60% of Fe(II) underwent oxidation in seawater at the bottom of Pele's Pit. Surprisingly, Emerson and Moyer (1997) Fe compared to Pele's Pit. Instead, it is likely that Fe behaves more conservatively away from the hydrothermal plume, probably through the formation of soluble, and isotopically heavy Fe(III) colloidal species, contributing to the residual dissolved Fe pool as suggested in recent studies (Fitzsimmons et al., 2015a; Lough et al., 2017 ). An alternate, and also likely mechanism, is formation of organically-bound Fe(III) species which are evidenced to stabilize a fraction of DFe in hydrothermal vents (Toner et al., 2009; Hawkes et al., 2013; Kleint et al., 2016) , potentially producing an enrichment in heavy Fe isotopes in DFe (Dideriksen et al., 2008; Fitzsimmons et al., 2015a (Radic et al., 2011; Fitzsimmons et al., 2016) . However, we do not favor this hypothesis considering that open seawater Fe concentrations in this region of the Pacific Ocean (e.g. station ALOHA, 463 km, northwest of Loihi) is expected to be between 0.6 and 1.2 nM (Boyle et al., 2005; Fitzsimmons et al., 2015b) , which is much lower than the DFe concentrations of 13-70 nM measured in bottom seawater at Pele's Pit. Surprisingly, the far-field hydrothermal d 56 Fe signature of Loihi Seamount measured at Station ALOHA, determined at +0.02 ± 0.03‰ (Fitzsimmons et al., 2016) is significantly heavier than bottom seawater d
56 Fe values at Loihi. Reconciling both observations would require a more comprehensive study of Fe isotope fractionation in the near-field plume environment, which is beyond the scope of this study.
Although it has been commonly considered that dissolved Fe was largely removed from hydrothermal plumes through the precipitation of a range of iron-bearing minerals, recent studies have shown that the contribution of hydrothermal fluxes to the oceanic Fe budget is not as negligible as originally thought. Research in near-vent settings have identified several mechanisms enhancing the input of hydrothermally sourced metals to the open ocean, including: (i) formation of stable metal-complexes with dissolved and particulate organic carbon (DOC and POC) (Bennett et al., 2008; Toner et al., 2009; Sander and Koschinsky, 2011) ; (ii) nanoparticulate minerals, in particular pyrite (Yucel et al., 2011; Gartman et al., 2014) ; and (iii) metal uptake by water-column microorganisms (Li et al., 2014) . Long-range transports of hydrothermal Fe have been also revealed by mid-water column Fe ''anomalies" in the central and south Pacific ocean (Wu et al., 2011a; Fitzsimmons et al., 2014; Resing et al., 2015) , the Southern and Artic oceans (Klunder et al., 2012) , the equatorial and North Atlantic ocean (Saito et al., 2013; Conway and John, 2014) , and the Indian ocean (Nishioka et al., 2013) . As a consequence, the global contribution of hydrothermal Fe to the open ocean should be considered in order to balance oceanic Fe budgets (Tagliabue et al., 2010) .
Previous studies at EPR 9°50 0 N and at MAR 5°S (Bennett et al., 2009 ) have shown that Fesulfide precipitation in hydrothermal plume environment should lead to d 56 Fe signatures of the hydrothermal input in seawater which are heavier than end-member vent fluid values. By non-buoyant plume height, a large amount of Fe-sulfide precipitates will have been lost from the plume with a concomitant removal of isotopically light Fe. A similar model has been also proposed to explain the relatively heavy Fe isotope signatures of the water column Fe enrichment attributed to the EPR at 25°S; 105-90°W (Fitzsimmons et al., 2016; Fitzsimmons et al., 2017) and Scotia Sea Lough et al., 2017) .
Here, we show in contrast that Fe-oxyhydroxide precipitation at Loihi Seamount should result in d 56 Fe for dissolved Fe, which is lighter than the end-member fluid value. More generally, hydrothermal plumes exhibiting unusually high Fe/H 2 S ratios should be characterized by isotopically lighter values for dissolved Fe in distal plumes due to the precipitation of isotopically heavy Feoxyhydroxide particles before non-buoyant plume height is reached. This feature, which may be common in slow spreading ridges and ultramafic-influenced settings has previously been proposed for the Rainbow hydrothermal field (Severmann et al., 2004) and observed in dissolved d 56 Fe data from a plume at the TAG site in the North Atlantic (Conway and John, 2014) . We further expect that this feature should be common for low-temperature hydrothermal vent systems from volcanic seamounts, which may represent a significant source of Fe in oceanic basin interior. Hence, depending the geological setting, the Fe isotope composition of the far-field hydrothermal source to the deep ocean is expected to have d
56 Fe values either heavier or lighted than the high-temperature hydrothermal vent fluids. In accord with this hypothesis, Lough et al. (2017) and Rouxel et al. (2016) recently showed that the proportion of authigenic Fe-sulfide and Fe-oxyhydroxide minerals precipitating in the buoyant plume exert opposing controls on the resultant isotope composition of dissolved Fe passed into the neutrally buoyant plume.
Geochemical evolution of seafloor FeOx deposits at Loihi
In our study, d (Severmann et al., 2004) . In contrast, FeOx-rich sediments precipitated from nonbuoyant hydrothermal plumes had d
56 Fe values that were indistinguishable from that of high-temperature hydrothermal fluids reflecting quantitative Fe(II) oxidation. In another study, Fe oxyhydroxide deposits from the Jan Mayen hydrothermal vent fields yielded d
56 Fe values either indistinguishable from low-temperature hydrothermal fluids from which they precipitated (À1.84‰ to À1.53‰) or enriched in the heavy Fe isotopes due to partial oxidation of hydrothermally derived Fe(II) aq (Moeller et al., 2014) .
At Loihi Seamount, perhaps the most striking feature is that FeOx deposits recovered from active vents yielded systematically positive d
56 Fe values up to +1.57‰, while FeOx deposits recovered from extinct or vanishing vents have distinctly negative Fe-isotope values down to À1.5‰ (Fig. 2) . As explained in previous sections, these negative values are best explained by near-complete oxidation of an isotopically light Fe(II) source formed by subsurface cooling and mixing with seawater. This hypothesis indicates that Fe isotope compositions of hydrothermal FeOx precipitates are not well preserved after cessation of hydrothermal activity, as they tend to be overprinted by more negative values, reflecting the latest stage of Fe precipitation. It also implies that Fe isotopes are particularly sensitive to oxygen levels of the local environment where they form (e.g. seawater, diffuse hydrothermal fluids).
As already noted by Moeller et al. (2014) , dissimilatory iron reduction (DIR), which is known to produce isotopically light Fe in diagenetic environments (Crosby et al., 2007; Tangalos et al., 2010; Percak-Dennett et al., 2011) may potentially contribute to the generation of Fe(II) pool with negative d 56 Fe. Considering that significant amounts of FeOx deposits may have accumulated in the subsurface environment, it is possible that a fraction of Feoxyhydroxide was recycled through DIR, thereby generating a source of isotopically light Fe(II) for FeOx formation at the seafloor (Emerson, 2009; Langley et al., 2009; Gault et al., 2011) . The potential for DIR in FeOx-rich Microbial Mats at Loihi Seamount was previously investigated by Emerson (2009) by incubating freshly recovered mats under anaerobic conditions with 5 mM acetate. Although active DIR was observed within a couple of days, DIR bacteria represented less than 1% of the total bacterial population when measured by the most probable number approach. In addition, mat samples not amended with acetate showed significantly less Fe-reduction, suggesting that the FeOx deposits at Loihi Seamount are limited for carbon sources. Hence, it seems that although DIR bacteria are present, they contribute only in a minor way to the Fe budget at Loihi. More generally, it is unlikely that deep-sea FeOx deposits are capable of sustaining an anaerobic ecosystem that can feed itself via the breakdown and fermentation of organic carbon due to limited biomass availability.
Interestingly, Cr was found particularly enriched in the Lohiau Area (M5) where significant subsurface mixing occurs between hydrothermal fluid and seawater while U was more enriched in FeOx deposits formed from higher temperature fluids (e.g. M36-M39 areas). Hence, in addition to Fe isotope systematics, Cr/Fe and U/Fe in FeOx deposits are also sensitive to local redox conditions and mechanisms of FeOx formation. Significant enrichment in Cr and depletion in U is also observed in extinct deposits from M17 and M17A areas, suggesting that aging of the deposits at the seafloor significantly modifies their geochemical signatures. Presumably, U is expected to undergo late-stage oxidation and released as soluble U(VI) species as observed in oxidizing diagenetic settings (Cochran et al., 1986; Zheng et al., 2002) . In contrast, it appears that Cr was not significantly remobilized in inactive deposits (Fig. 4) , except in the most Mn-rich samples from M17A probably due to oxidation of insoluble Cr(III) to Cr(VI) by reaction with manganese dioxide (Eary and Rai, 1987) .
Elements such as Cu, Mo, Ni, and Co that typically show strong affinity for Mn oxyhydroxide phases in hydrogenetic crusts (Koschinsky and Hein, 2003) are enriched in Mn-rich samples from M17 and M17A area. This observation, together with the negative Ce anomaly in the deposit (Fig. 5) suggests protracted scavenging of seawaterderived elements onto Mn-oxyhydroxide phases. This late-stage hydrogenetic Mn mineralization has been previously reported in inactive Fe-rich deposits from other volcanic seamount in the Pacific Ocean (Puteanus et al., 1991; Hein et al., 1994) and probably a common feature of the evolution of low-temperature hydrothermal deposits.
Finally, the preservation of microbial textures, and probably geochemical signatures of FeOx deposits remain difficult in most cases but appears favored when significant amounts of Si is coprecipitated with Fe (Juniper and Fouquet, 1988; Little et al., 2004; Glasauer et al., 2013) . Both modern and fossil iron-silica deposits (the later being often referred as jasper deposits) containing microbial textures have total silica (SiO 2 ) concentrations within a range of 50-90 wt.% (Alt and Teagle, 2003; Grenne and Slack, 2003; Slack et al., 2007) . In comparison, Fe-rich deposits at Loihi are characterized by total SiO 2 concentrations generally below 25% (Table 4) . Hence, although inactive FeOx deposits at Loihi Seamount do not record their initial stage of formation in terms of Fe isotope signatures and geochemistry, it can be hypothesized that higher Si content may help preserving both mineralogy and Fe isotope signature in the geological record (Toner et al., 2012) . Addressing such a hypothesis would bear important implications for the study of more ancient hydrothermal Fe-Si deposits as discussed below.
Implication for the geological record
The Fe isotope compositions of FeOx deposits at Loihi Seamount display a remarkable range between À1.5‰ and +1.6‰, which is similar to the range reported in a 76 Maold central Pacific Fe-Mn crust (Horner et al., 2015) . Although the exact controls on the Fe isotope variability of Fe-Mn crusts remain debated (Dauphas et al., 2017) , such large and systematic changes in the deep seawater Fe isotopic composition over the Cenozoic should reflect the influence of several, distinct Fe sources to the central Pacific Ocean (Horner et al., 2015) . Considering the importance of Fe-sulfide and Fe-oxyhydroxide minerals precipitation on the Fe isotope composition of hydrothermally-sourced Fe in the deep ocean Lough et al., 2017) , it is possible that Fe-Mn crusts record several hydrothermal sources with distinct d 56 Fe signature. However, a better understanding of biogeochemical processes that fractionate Fe isotopes between hydrothermal vents and the open ocean is required to better constrain isotope mass-balance quantifications of Fe sources to the ocean (Conway and John, 2014) .
With respect to longer geological time scales, the range of Fe isotope compositions of FeOx deposits at Loihi Seamount encompasses the range of Precambrian Banded Iron Formations (Bekker et al., 2010; Planavsky et al., 2012; Li et al., 2015) (Fig. 10) . The ubiquitous positive d
56 Fe values of Archean IF indicate that Fe(III) delivery was the main process driving the deposition of IF. In addition, the expression of the Fe isotope fractionation implies partial Fe(II) oxidation, pointing toward oxidation at low Eh conditions (Dauphas et al., 2004; Planavsky et al., 2009; Planavsky et al., 2012) . If oxidation took place during mixing of anoxic Fe-rich and fully oxic marine waters, oxidation would have been essentially quantitative given the rapid oxidation kinetics of Fe at neutral to alkaline pH. This rapid and quantitative oxidation would have prevented any significant expression of Fe isotope fractionation as is the case with modern hydrothermal plume fallouts (Severmann et al., 2004 ).
An important implication of our study is that higher oxygenation and/or microbial activity leading to Mnoxidation (e.g. precipitation of Mn-oxide crusts on surfaces of FeOx mats) should result in a near quantitative oxidation of hydrothermal Fe(II), translating into isotopically lighter d
56
Fe values of the FeOx deposit. As shown in Fig. 10 (Tsikos et al., 2010; Kurzweil et al., 2016) . This feature may reflect deposition of Fe and Mn from water masses depleted in heavy Fe isotopes by progressive Fe oxidation and precipitation in the deeper part of the basin (Tsikos et al., 2010) . In particular, the negative correlation between d
56 Fe values and Mn concentrations were related to Fe isotope fractionation during Fe(II) oxidation by Mn oxides, resulting in lower d
56 Fe values of dissolved Fe in the uppermost water column close to a Mn chemocline (Kurzweil et al., 2016) . Similar redox-driven Fe isotope fractionation throughout the water column has also been reported in modern anoxic lakes. A depth-profile in the water column of Lac Pavin showed a remarkable increase in dissolved Fe concentration and d
56 Fe values (À2.14‰ to +0.31‰) across the oxic-anoxic boundary to the lake bottom (Busigny et al., 2014) . The largest Fe isotope variability was found at the redox boundary and was related to partial Fe(II) oxidation (from %70 to >90%), leaving the residual Fe enriched in light isotopes.
For modern FeOx deposits, d
Fe variability over short distance reflects evolving local redox conditions. Based on mass-balance considerations, we proposed that a reservoir effect is created during partial Fe(II) oxidation and can explain the entire range of 56 Fe values in modern and ancient FeOx deposit formed in contrasted environments: (1) Loihi Seamount: this study; (2) Jan Mayen siliceous ferrihydrite deposits (Moeller et al., 2014) ; (3) Jasper, ODP Hole 801C, Jurassic, Pacific oceanic Crust (Rouxel et al., 2003) ; (4) Lokken, Ordovician, Norway (Planavsky et al., 2012; Moeller et al., 2014) ; (5) Precambrian Iron Formations (Planavsky et al., 2012) ; (6) Hotazel Iron Formation and Mn Formation (Tsikos et al., 2010) and Koegas Subgroup Feand Mn-rich deposits (Kurzweil et al., 2016 ); (7) 2.4-2.5 Ga Kuruman and Brockman Iron Formations, magnetite-rich facies Johnson et al., 2008; Li et al., 2015) . sensitive to oxygen levels in the local environment where they form and reservoir effects, regardless of the mechanisms involved in Fe(II) oxidation. Similar mechanisms, i.e. partial Fe(II) oxidation at, or below seafloor, have already been hypothesized to explain the relatively large range of d
56 Fe values for hydrothermal Fe-rich cherts recovered at the sediment-basement interface from the Jurassic oceanic crust in the West Pacific (Rouxel et al., 2003) .
Hence, a comparative approach between modern FeOx deposits at Loihi Seamount and ancient deposits provides a mechanistic constraint on the origin of Fe isotope fractionation in IFs. We propose that negative d
56 Fe values in oxidefacies of BIFs could be explained by similar mechanism, i.e. a progressive oxidation of Fe-rich anoxic seawater following a Rayleigh-type fractionation-type model across an Fe chemocline. As previously suggested (Rouxel et al., 2005; von Blanckenburg et al., 2008; Steinhoefel et al., 2009; Tsikos et al., 2010; Planavsky et al., 2012; Busigny et al., 2014; Kurzweil et al., 2016) , anoxygenic phototrophic oxidation could have established significant water column Fe concentration gradients -and therefore Fe isotope gradients -through ferric Fe removal during upwelling. The effect of O 2 on Fe isotope composition of the most shallow part of the Archean ocean has been also modelled by Czaja et al. (2012) . The model predicts that Fe(OH) 3 precipitation in the photic zone (the zone over which O 2 is produced) largely controls the Fe isotope fractionation. The calculated d
56 Fe values in the shallow part of the water column are extremely negative (from -10‰ to -20‰, Czaja et al., 2012) , and because the dissolved Fe contents at shallow water depths in the reaction model are vanishingly small because oxidation is nearly complete, such values are unlikely to be transferred in the sediments record. In addition, atmospheric and shelf or continental input of Fe in the shallow ocean would result in increasing d
Fe values toward more crustal (i.e. near 0‰) values. In contrast, the precipitation of around half of an initial hydrothermal Fe pool as isotopically heavy Fe oxides is needed for the formation of marine deposits with d
Fe values of À1.5 to -2‰, which are the lowest values reported in Iron Formations (Planavsky et al., 2012; Dauphas et al., 2017) . Hence, this mechanism may adequately explain large amounts of Fe-rich deposits with distinctly isotopically light values. It follows that the rise of atmospheric O 2 and ultimately the oxygenation of the deep ocean led to the contraction of marine environments where active Fe redox cycling produced isotopically fractionated seafloor FeOx-type deposits, from the scale of oceanic basins in the Archean, to the scale of microbial mats and subseafloor environments in modern hydrothermal systems.
CONCLUSIONS
In this study, we applied Fe isotope systematics together with major and trace element geochemistry to study the formation mechanisms and preservation of mineralized microbial mat at Loihi Seamount. Overall, Feisotope compositions of microbial mats at Loihi Seamount display a remarkable range between À1.2 and 1.6‰ and we demonstrated that the Fe isotope compositions of hydrothermal Fe-oxyhydroxide precipitates are particularly sensitive to local environmental conditions where they form, and are less sensitive to abiotic versus biotic origins. Although isotopically heavy d
56 Fe values resulting from partial Fe(II)-oxidation may be consistent with bacterial processes considering the slow rate of inorganic Fe (II) oxidation in redox-stratified microbial mats, it is difficult to attribute specific biotic/abiotic processes based solely on Fe isotopes.
FeOx deposits recovered at extinct sites have distinctly negative Fe-isotope values down to À1.77‰. These results, supported by the enrichment in Mn and depletion in U, are best explained by the near-complete oxidation of an isotopically light Fe(II) source produced during the waning stage of hydrothermal activity. Hence, upon cessation of hydrothermal venting, these FeOx deposits are preserved but undergo significant alteration of their geochemical composition, with significant enrichment in Mn-oxyhydroxides and d
56 Fe shifted toward lighter values. We demonstrated that such isotopically light Fe isotope values are likely generated by subsurface precipitation of isotopically heavy Feoxides rather than by the activity of dissimilatory Fe reduction in the subsurface.
Iron isotope composition in warm (<60°C), Fe-rich and H 2 S-depleted hydrothermal fluids near +0.1‰ contrasts with Fe-isotope composition in high-temperature fluids from mid-oceanic ridge systems. Suspended particles in the vent fluids and hydrous ferric oxide (FeOx) deposits recovered in the vicinity of active vents yielded systematically positive d
56 Fe values consistent with partial oxidation of Fe(II) during mixing of the hydrothermal fluids with seawater. Hence, it can be hypothesized that the stabilized dissolved Fe fraction that is exported to the deep ocean via non-buoyant hydrothermal plumes should have an Fe isotope signature that is lighter than its original vent fluid. Together with recent studies at EPR 9°50 0 N and Scotia Sea , this suggests that both the initial Fe isotope composition of hydrothermal vent fluids and the Fe/H 2 S ratio of that source should combine to impose characteristic Fe isotope ''fingerprints" for hydrothermally sourced Fe exported to the deep ocean.
Low-temperature hydrothermal vents, such as those encountered at Loihi Seamount, harbor abundant microbial communities and provided ideal systems to test hypotheses on biotic versus abiotic formation of FeOx deposits at the seafloor and their preservation in the geological record. 
